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Two cruises were conducted after the diatom spring bloom in the northern Bay of Biscay (2006, 2007),
to assess the contribution of combined carbohydrates to organic carbon partitioning. Partitioning of
total organic carbon (TOC) into particulate organic carbon (POC) and dissolved organic carbon (DOC)
differed between the two years, particularly for depths above 60 m, and was related to the vernal
development of the system: a post spring-bloom system in 2007, and a more stratiﬁed summer system
with higher coccolithophore abundance in 2006. In general, contribution of POC to TOC ranged between
4% and 28% and decreased with depth. Concentration of high-molecular-weight (HMW;41 kDa)
dissolved combined carbohydrates (dCCHO) ranged from 0.6 to 1.4 mmol L1 and contributed between
4% and 11% to DOC. Concentration of particulate combined carbohydrates (pCCHO) varied between 0.03
and 1.3 mmol L1. A high contribution of pCCHO to POC was observed in 2007, i.e. 22–60% C compared
to 3–10% C in 2006, and coincided with a higher abundance of transparent exopolymer particles (TEP).
TEP accounted for 0.4–2.0 mmol C L1 in 2007 and 0.5–1.5 mmol C L1 in 2006. Above 60 m, differences
in contribution of TEP-C to POC were most pronounced yielding 15.473.0% in 2007 compared to
relatively low 4.871.4%, in 2006. TEP-C could explain about 60% in 2007 and about 40% of pCCHO-C in
2006. Hence, TEP were identiﬁed as a substantial component of pCCHO and POC, particularly in the
wake of the spring bloom. Molecular composition of CCHO, i.e. HMWdCCHOþpCCHO, revealed little
difference between the years but strong variation over depth. Uronic acids (URA) were identiﬁed as a
major component of CCHO (20–40%). Our study indicates that the distribution and composition of
CCHO in surface seawater are determined by biogeochemical processes on a seasonal scale. A better
knowledge of CCHO cycling and molecular signature has therefore a high potential for a better tracing
of carbon dynamics in shelf sea ecosystems.
& 2012 Elsevier Ltd. All rights reserved.1. Introduction
Spring is the main season of new production of organic carbon
in temperate pelagic ecosystems. At this time, the sequential rise
and decay of phytoplankton blooms control the accumulation of
particulate organic carbon (POC) and of dissolved organic carbon
(DOC) in the upper water column (Mann and Lazier, 1991; Hydes
et al., 2001), and thereby largely prescribes the ecosystem’sll rights reserved.
n Research Kiel (GEOMAR),
ue, Universite´ de Liege (ULg)
Sart-Tilman, Belgium.
et Mode´lisation du Syste´mannual net-uptake of carbon dioxide (CO2) (Keir et al., 2001).
During the early and peak phases of the bloom, the assimilated
dissolved inorganic carbon (DIC) is largely partitioned into POC,
and removed from the surface ocean by sinking of cells repack-
aged into larger particles through physical or biological aggrega-
tion, e.g. marine snow, fecal pellets. When autotrophic growth
becomes limited by depletion of inorganic nutrients, an increas-
ing fraction of organic carbon gets partitioned into DOC
(Myklestad, 1977; Biddanda and Benner, 1997; Engel et al.,
2004). DOC production is thereby controlled by various processes,
such as the extracellular release from plankton cells (Fogg, 1966;
Strom et al. 1997; Ogawa et al., 2001), enzymatic solubilisation of
particles (Cho and Azam, 1988; Smith et al., 1992), viral lysis
(Fuhrmann, 1999) and metazooplankton grazing (Copping and
Lorenzen, 1980; Nagata, 2000). Because DOC is the main substrate
for microbial uptake (Azam and Hodson, 1977), springtime DOC
production also determines the activity of the microbial food web,
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matter in the surface ocean (Azam et al., 1983).
Besides the activity of processing microbes, the rates of
organic matter turnover in seawater strongly depend on the
molecular characteristics of the organic substrates (Arnosti,
2004). In contrast to labile, i.e. readily bio-available, substrates
like monomeric sugars and amino acids, and low-molecular-
weight combined carbohydrates and peptides, displaying turn-
over times of hours to days, semi-labile and refractory compo-
nents can accumulate in the water column over months to
centuries (Anderson and Williams, 1999; Hansell, 2002; Carlson,
2002). In temperate systems, the seasonally accumulating, surface
DOC becomes available for deep export during wintertime mixing
and contributes to the biological CO2 pump (Hopkinson and
Vallino, 2005; Hansell et al., 2009). The largest characterised
fraction of this accumulating DOC are combined carbohydrates
(CCHO) with a molecular weight 41 kDa (Alluwihare et al., 1997;
Borch and Kirchman, 1997; Skoog and Benner, 1997; Kirchman
et al., 2001), which also represent the largest characterisable pool
(50–70% carbon) of high-molecular-weight (HMW) DOC in gen-
eral (Benner et al., 1992; Pakulski and Benner, 1994; Benner,
2002; Kaiser and Benner, 2009). Combined by sugar monomers,
CCHO serve as structural components and for energy storage in
marine plankton organisms. Combined carbohydrates comprise
about 17–40% of plankton dry weight (Parsons et al., 1983), and
10–30% of plankton carbon (Sua´rez and Maran˜on, 2003), with
combined neutral sugars accounting for about 6–10% of plankton
carbon (Kaiser and Benner, 2009). Dissolved CCHO (dCCHO)
represent the largest dynamic carbon source in the ocean, i.e.
10–35% of DOC (Benner et al., 1992).
Within the pool of HMW-dCCHO, combined carbohydrates are
principally available for biological consumption, but need to be
chopped into smaller subunits (600–800 Da) before they can be
taken up by microorganisms (Benz and Bauer, 1988; Weiss et al.,
1991). Microbial processing thereby may alter the quality and
hence the biological accessibility of the dissolved substrates,
leaving behind more refractory compounds (Jiao et al., 2010).
Microbial assimilation of dCCHO into biomass leads to a reparti-
tioning of dCCHO into particles. Another way of re-partitioning of
HMW-dCCHO into POC is the formation of gel particles, such as
transparent exopolymer particles (TEP) (Alldredge et al., 1993;
Chin et al., 1998; Engel et al., 2004). The formation of TEP is
controlled by aggregation and gelation dynamics (Chin et al.,
1998; Engel et al., 2004; Verdugo and Santschi, 2010) and,
primarily controlled by the concentration and composition of
HMW-dCCHO, as well as by physical factors affecting collision
and assembly rates such as turbulence and temperature. Because
extracellular release by phytoplankton is a major source of HMW-
dCCHO, TEP concentration often increases during phytoplankton
blooms (Passow, 2002). To date, the quantitative importance of
TEP production for DOC–POC partitioning in the ﬁeld, as well as
the role of the molecular CCHO composition for TEP aggregation,
are largely unknown. TEP are detected by staining with Alcian
Blue, a copper-phtalocyanine dye that binds to acidic, particularly
uronic and sulphated sugars (Ramus, 1977). Acidic sugars can
combine separate molecules via divalent cation bridging (Ramus,
1977; Alldredge et al., 1993). Acidic sugars are therefore expected
to represent a substantial fraction of carbohydrates contained in
TEP and to be speciﬁcally involved in the TEP formation process
(Alldredge et al., 1993; Mopper et al., 1995; Zhou et al., 1998;
Passow, 2002). Natural acidic polysaccharides are heteropolysac-
charides that contain neutral, amino and acidic sugars, such as
glucose, galactose, rhamnose, glucuronic and galacturonic acid
and amino sugars, such as glucosamine (Decho, 1990; Leppard,
1995). Acidic polysaccharides have also been suggested to be
involved in trace element cycling, i.e. Fe and Zn, or in the removalof the particle reactive tracer 234Th (Quigley et al., 2002; Guo
et al., 2002; Steigenberger et al., 2010). Despite their potential
importance for biogeochemical cycling and particle dynamics,
little information is available on the abundance of acidic poly-
saccharides in seawater so far. Therewith the dynamics and
biological control of particular processes involving acidic sugars,
such as TEP formation in marine systems, are largely unknown.
The northern Bay of Biscay is located in the North-Eastern
Atlantic Ocean, south of Ireland and west of France. Here, a steep
slope separates the abyssal plain from the continental plateau.
The Bay of Biscay has been extensively studied since the late
1980s, e.g. within the framework of the Belgian PPS ‘‘Global
Change’’ and SPSD2 ‘‘Climate’’ programmes, and the EU OMEX I
and II projects. Long-term series of physical, biological and
chemical variables are available for model validation, but infor-
mation on processes determining the seasonal relationship
between DOC and POC are scarce. This information, however, is
required to better understand the fate of organic carbon during
the transition from spring to summer, including consequences for
carbon export and microbial ecosystem functioning.
Here, we investigated the concentration and molecular com-
position of CCHO and their contribution to carbon partitioning
during two consecutive years in the northern Bay of Biscay. The
study was part of the ‘PElagic cAlciﬁcation and export of Carbo-
natE production in climate change (PEACE)’ project that was
launched in 2005 to evaluate the role of calciﬁcation in climate
regulation, production and export processes during coccolitho-
phore blooms.2. Materials and methods
2.1. Study site and ﬁeld sampling
Samples were collected from the research vessel Belgica
between 47.421N, 7.271W and 48.501N, 8.901W from 31 May to
9 June in 2006, and between 47.681N, 8.201W and 51.341N,
10.51W from 10 May to 24 May in 2007. Seven stations were
sampled in 2006, and 9 stations in 2007 (Fig. 1). A Seabird CTD
system, equipped with a 12 Niskin bottles (10 L) rosette sampler,
was used to determine depth proﬁles of temperature and salinity,
and to collect seawater. At each station, water was collected in
the morning at 5, 10, 20, 40, 60, 80, 100 and 150 m during 2006
and at 5, 20, 40, 60, 80, 100 and 140 m in 2007. Some additional
depths (30 and 50 m) were also sampled for parameters at some
stations. All samples were processed onboard immediately after
sampling.
2.2. Chemical analysis
The concentration of chlorophyll-a (Chl-a) was determined
from 250 ml seawater ﬁltered onto glass ﬁbre ﬁlters (Whatman
GF/F) under low vacuum (o200 mbar), and stored at 20 1C
before analysis. Pigment extraction was realised in 10 ml of 90%
acetone. Filters were kept overnight in the dark at 20 1C and
were centrifuged for 10 min at 5000 rpm at 4 1C prior to mea-
surement. Chl-a concentration was determined ﬂuorimetrically
(Shimadzu RF-1501 spectroﬂuorophotometer), together with
total phaeophytin concentration after acidiﬁcation (HCl, 0.1 N),
according to Yentsch and Menzel (1963).
Samples for dissolved organic carbon (DOC) were collected in
precombusted glass ampoules (4 h, 500 1C) after ﬁltration
through GF/F ﬁlters also precombusted at 500 1C for 4 h. Samples
(20 ml) were acidiﬁed with 100 ml of 85% phosphoric acid and
stored at 4 1C in the dark until analysis. Samples were analysed
using the high-temperature combustion method (TOC–VCSH,
















0.0 0.5 1.0 1.5























Fig. 1. (a)–(c) Information on the location and status of the system encountered during the cruises in the Bay of Biscay in 2006 and 2007. The map (a) shows SeaWiFs
merged surface chlorophyll-a distribution during the months May and June in the Bay of Biscay in 2006 (SeaWiFS; http://reason.gsfc.nasa.gov/OPS/Giovanni/); the
rectangle indicates the main sampling area. Shown are also the average depth distribution of chlorophyll-a as determined from ﬁeld samples during the 2006 (dots) and
2007 (circles) cruises (b), and the area integrated surface concentrations of chlorophyll-a as obtained by the remote sensing (c); the timing of the cruises is indicated by the
shaded areas.
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curve was constituted for each day of measurement using
potassium hydrogen phthalate standard, which was prepared
with MilliQ water. Additionally, two reference seawater standards
(Hansell laboratory, RSMAS, University of Miami) were used to
determine the instrument blank.
For particulate organic carbon (POC), seawater (200–2000 ml)
was ﬁltered onto precombusted (4 h, 500 1C) GF/F ﬁlters using
low vacuum (o200 mbar) ﬁltration. The ﬁlters containing POC
were stored at 20 1C until analysis. Within three months after
the cruise, the ﬁlters were dried overnight at 50 1C prior to
analysis. POC was determined using a Fisons NA-1500 elemental
analyser after carbonate removal from the ﬁlters by HCl fumes
overnight. Four to ﬁve standards of certiﬁed reference stream
sediment (STSD-2) from the Geological Survey of Canada,
together with 3–4 blank ﬁlters were used for the calibration.
The concentration of total organic carbon (TOC) was calculated as
the sum of POC and DOC concentrations.
Transparent exopolymer particles (TEP) were determined after
Engel (2009). Brieﬂy, samples were ﬁltered (o200 mbar) onto
0.4 mm Nuclepore ﬁlters (25 mm) and stained with 1 ml Alcian
Blue. Semi-permanent TEP slides (CytoClear) were prepared by
ﬁltration of 5–200 ml of seawater within 1 h after sampling. All
TEP ﬁlters were prepared in duplicates and stored frozen at
20 1C until analysis. Microscopic examination of TEP slideswas done using a compound light microscope and a digital
AxioCam HRc camera (Zeiss) with a 200–400 magniﬁcation.
About 30 pictures per ﬁlter were randomly taken in a cross
section. TEP of area size 41 mm2 were enumerated and sized
for individual area and major cross section. The equivalent
spherical diameter (ESD) was calculated for individual particles
from area measurements, leading to a range of 1–80 mm (ESD).
TEP were classiﬁed according to their ESD into 20 logarithmic
size classes (Mari and Burd, 1998). TEP-C was determined from








The constant, a¼0.25106 mg C, was determined by Mari
(1999). The ni is the concentration of TEP in the size class i, and ri
is the mean equivalent spherical radius of this size class. The
exponent D was determined empirically from the spectral slope,
d, according to the semi-empirical relationship (Burd and Jackson,
unpublished data, as referred in Mari and Burd, 1998):
D¼ ð64dÞ=26:2 ð2Þ
More information on the distribution of TEP during the 2006
cruise is given in Harlay et al. (2009).
Carbohydrate monomers released from components 41 kDa
after acid hydrolysis were determined by ion chromatography on
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chromatography (HPAEC) coupled with pulsed amperometric
detection (PAD) after Engel and Ha¨ndel (2011). High-molecular-
weight (41 kDa) dissolved combined carbohydrates (HMW-
dCCHO) were determined from two replicate samples, ﬁltered
through 0.45 mm syringe ﬁlters (GHP membrane, Acrodisk, Pall)
into precombusted glass vials using 20 ml disposable syringes.
Particulate carbohydrates (pCCHO) were determined from unﬁl-
tered duplicates of 20 ml seawater after subtraction of HMW-
dCCHO. Low-molecular-weight (o1 kDa)-dCCHO and free sugar
monomers were not determined. All samples were immediately
frozen and stored at 20 1C. Prior to ﬁltration, all syringes and
syringe ﬁlters were rinsed with several ml of Milli-Q water ﬁrst
and seawater sample thereafter. The samples were thawed
immediately before analytical processing. Prior to analysis, desa-
lination of the samples was conducted by membrane dialysis
(1 kDa MWCO, Spectra Por) for 6 h at 0 1C. Monomeric carbohy-
drates were yielded after acid hydrolysis of desalinated samples
using 0.8 M HCl ﬁnal concentration for 20 h at 100 1C, and
neutralisation through acid evaporation (N2). Separation of car-
bohydrates during chromatography was achieved using a Dionex
CarboPac PA10 analytical column (2250 mm) coupled with a
Dionex CarboPac PA10 guard column (250 mm). Column tem-
perature was kept constant at 17 1C during all analyses. To
minimise degradation of samples before analysis, the autosam-
pler (Dionex AS50) was kept at 4 1C. Carbohydrate analysis was
performed by injection of 17.5 ml of sample, whereas standardisa-
tion was carried out by injection of 10, 12.5, 15.0 and 17.5 ml of
mixed sugar standard solution. In this study we detected the
neutral sugars (NS): fucose (Fuc), rhamnose (Rha), arabinose
(Ara), galactose (Gal), glucose (Glc), mannose (Man) and xylose
(Xyl). Due to co-elution, Man and Xyl were quantiﬁed together.
Overlapping peaks of Xyl and Man have frequently been reported
(Borch and Kirchman, 1997; Kirchman et al., 2001; Goldberg et al.,
2009). According to Skoog and Benner (1997) the yield of Man
and Xyl in seawater samples is about equal.
We also determined the amino sugar (AS) glucosamine (GlcN),
and the acidic sugars (uronic acids, URA): galacturonic acid (Gal-
URA), and glucuronic acid (Glc-URA). All samples were analysed
in duplicates, whereas the standard solutions for calibration were
measured in triplicates. Milli-Q water was used as blank to
account for potential contamination during sample handling.
Blanks were treated and analysed in the same way as the samples
and subtracted from sample concentration. Recovery of CCHO was
checked by analysing the standard solution after every second
sample. The detection limit for this method was 10 nmol L1 with
a standard deviation between replicate runs of o2%, indicating
high precision. Concentrations of pCCHO and of HMW-dCCHO
after hydrolysis are given as monomer equivalents. In some of the
unﬁltered samples collected at 460 m depth in 2006, values
obtained for carbohydrates after subtraction of HMW-dCCHO
were zero or slightly below zero, indicating non-detectable
amounts of pCCHO. Data for pCCHO from these depths were
therefore excluded from further analysis.2.3. Data analysis
For comparison of the amount of carbon contained in different
fractions of organic matter encountered during 2006 and 2007,
mean values were calculated for each water depth and each year.
For describing the changes in CCHO composition over depth,
anomalies (Ax) of the molar percentages (%Mol) of individual
carbohydrates were calculated by subtracting the overall mean
(Avg.X) of all observations (%Mol) including all depths from 2006and 2007 from each single observation (Xi, %Mol) according to:
AðxiÞ ¼ XiAvg:X ð3Þ
Changes in Ax over depth were tested by linear regression. To
identify distribution differences of sugar anomalies within the
water column, values for Ax within the mixed layer (o60 m) were
tested against values for Ax below the thermocline (460 m) by
means of a Mann–Whitney Rank Sum Tests, and were accepted as
signiﬁcant for po0.05. Calculations, statistical tests and illustra-
tion of the data were performed with the software packages
Microsoft Ofﬁce Excel and Sigma Plot 12.0 (Systat).3. Results
3.1. Field situation
In both years a strong stratiﬁcation of the water column was
observed, with a fully mixed layer within the upper 20 m, a
spring–summer thermocline located between 20 and 60 m, and a
more homogenous deeper layer (60–160 m) (Fig. 2). Higher sur-
face temperatures were met in 2006, supporting a stronger
stratiﬁcation of surface waters compared to the situation in 2007.
The cruises were carried out after the main spring bloom that
in both years peaked in the Bay of Biscay in mid-April, as
indicated by composite satellite data (Fig. 1). In 2006, Chl-a
concentrations between 0.39 and 1.76 mg L1 (avg. 1.0 mg L1)
were observed in surface waters (0–60 m), slightly higher than in
2007, when concentration of Chl-a varied between 0.39 and
1.52 mg L1 (avg. 0.7 mg L1). The average depth-proﬁle showed
similar Chl-a concentrations below the thermocline (460 m) for
both years, and a more pronounced surface peak in 2006.
Phytoplankton community composition in 2006 was dominated
by coccolithophores, followed by diatoms, dinoﬂagellates and
prasinophytes, whereas diatoms were the most abundant group
– in terms of biomass – during the earlier-in-season cruise of
2007 (Van Oostende, et al., forthcoming). Taken together, the
cruise in May 2007 likely encountered a decaying post-bloom
diatom system, whereas in June 2006 the cruise coincided with a
second bloom, dominated by coccolithophores.
3.2. Carbon partitioning
In 2006, station averaged TOC concentrations ranged between
73 and 118 mmol L1 (full range: 57–152 mmol L1) and generally
decreased with depth. In 2007, TOC concentrations were gener-
ally higher than in 2006 and more uniformly distributed over
depth, ranging on average between 80 and 112 mmol L1 (full
range: 54–121 mmol L1) with minimum concentration at 60 m
depth (Fig. 3a, b). Partitioning of TOC into POC and DOC differed
between the two years, particularly at depths above 60 m. This
was due to both, higher POC concentration and lower DOC
concentration in 2006 compared to 2007 (Fig. 3c, d, h). In 2006,
station averaged concentrations of POC ranged between 5 and
33 mmol L1, while in 2007 average concentrations between
3 and 14 mmol L1 were observed (Table 1). POC contributed
between 7% and 28% to TOC in 2006, and between 4% and 14% in
2007 (Fig. 3a, b). POC concentrations decreased with depth during
both years, indicating that organic matter decomposition was
efﬁcient in the water column. At greater depth, i.e. 60–140 m, the
contribution of POC to TOC was more similar between both years
yielding 7–11% in 2006 and 4–5% in 2007.
The higher POC concentrations in 2006 were likely due to
higher phytoplankton abundance, as indicated by higher Chl-a
concentrations (Fig. 1b). Besides plankton organisms, TEP are
another identiﬁed group of particles that contribute to POC
Fig. 3. (a)–(h) Partitioning of organic carbon into different fractions as determined at
different depths in 2006 and 2007. Results of the earlier-in-season cruise 2007 are
placed to the left. Absolute concentrations are given by symbols and lines, percentages
are shown as bars. (a–b) Concentration of TOC and the percentage of TOC contained in
POC, (c–d) concentration of POC and the percentage of POC contained in TEP, (e–f)
concentration of POC and the percentage of POC contained in particulate carbohydrates
(pCCHO), (g–h) concentration of DOC and the percentage of DOC contained in high
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Fig. 2. Depth proﬁle of water temperature (1C) as determined for each station
during the cruises in 2006 (n¼65) and 2007 (n¼61).
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TEP (41 mm ESD) accounted for 0.5 to 1.5 mmol C L1 on average,
and ranged from 0.4 to 2.0 mmol C L1 in 2007 (Table 1). Surface
concentrations of TEP-C were markedly different between the
years, yielding 23–74% higher TEP-C concentrations in 2007
(Table 1). Below the mixed layer, TEP concentrations were quite
similar in both years, suggesting a background concentration of
0.5 mmol C L1. Above 60 m, contribution of TEP-C to POC was
relatively low in 2006 with 4.871.4% compared to 15.473.0% in
2007 (Fig. 3c, d).
Combined carbohydrates are primarily produced by marine
phytoplankton and considered as semi-labile carbon source for
heterotrophic organisms. Total concentration of identiﬁed combined
Table 1
Average, minimum and maximum concentration of organic carbon (mmol L1) in different fractions of organic matter during spring 2006 and 2007 in the Bay of Biscay.
Depth (m) POC (n¼95) DOC (n¼58) TEP (n¼100) pCCHO (n¼114) HMW-dCCHO (n¼114)
Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max
2006
5 27 18 36 81 71 99 1.5 0.6 5.3 4.1 2.2 9.0 8.9 6.4 11.1
10 33 25 42 85 69 127 1.2 0.6 2.1 2.4 1.1 4.2 9.2 6.2 13.2
20 28 23 36 81 66 94 1.1 0.3 2.0 2.0 1.3 5.4 8.2 5.9 11.3
30 – – – – – – 0.9 0.2 1.6 2.0 0.7 4.5 7.2 4.5 10.3
40 19 19 20 69 62 88 1.1 0.2 2.0 2.6 1.2 3.9 6.2 4.4 7.1
50 – – – 59 48 701 0.8 0.6 1.1 3.0 0.3 5.7 6.7 3.9 9.4
60 13 5.1 26 60 49 77 0.5 0.1 1.0 3.1 1.2 5.5 5.1 4.1 6.3
80 6.8 4.1 8.8 61 50 70 0.6 0.2 1.1 – – – 6.3 4.7 7.9
100 5.0 4.1 5.7 66 61 70 0.5 0.0 1.0 – – – 5.4 4.4 6.3
150 8.0 3.2 19 65 57 71 0.6 0.2 1.0 – – – 4.9 4.2 6.2
2007
5 14 6.1 20 94 80 102 1.9 0.2 5.8 3.3 0.9 7.3 4.2 1.4 5.9
20 13 6.2 17 99 92 105 2.0 0.2 7.0 2.6 0.7 4.8 3.6 0.8 6.8
40 9.0 5.2 11 95 84 114 1.7 0.1 5.9 2.9 1.3 6.1 3.7 1.1 6.4
60 5.9 2.3 10 73 46 94 0.4 0.1 0.9 1.5 0.7 2.0 3.3 0.7 6.1
80 3.1 1.8 4.7 90 80 105 0.5 0.2 1.1 1.6 0.6 2.7 4.2 0.7 9.8
100 4.1 1.6 5.6 95 75 109 0.5 0.3 1.0 2.3 1.0 3.9 4.3 2.9 5.8
140 4.6 2.9 7.4 82 61 10 0.5 0.2 0.8 4.1 1.2 9.6 3.9 0.6 6.2
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depth in both years. Thereby, higher surface concentrations and a
steeper decrease were observed in 2006, for pCCHO and HMW-
dCCHO as well (Table 1). On average, CCHO contributed between 8%
and 12% to TOC in 2006, and less in 2007 with values between 6%
and 9% (data not shown). Particulate CCHO (pCCHO) concentration
was o4.1 mmol C L1, and rather similar between the two years,
showing only slightly higher values towards the surface in 2006
(Table 1). However, due to the lower POC concentrations measured
in 2007, the contribution of pCCHO to POC was much higher in
2007, where station-averaged values ranged between 22% and 60%,
compared to 2006 with values comprising between 3% and 10%
(Table 1, Fig. 3e,f).
In contrast, concentration of HMW-dCCHO was twice as high
in 2006 compared to 2007 (Table 1). Because of the lower DOC
concentration, relative contribution of HMW-dCCHO to DOC was
even more pronounced in 2006, yielding an average of 9.271.5%
(range: 5–13%), compared to 2007 with an average percentage of
4.172.3% (range: 0.9–10.2%) (Fig. 3g, h). Hence, combined car-
bohydrates contributed to a larger fraction of POC in 2007 and to
a larger fraction of DOC in 2006.
In accordance with a higher contribution of pCCHO to POC in
2007 compared to 2006, we observed more TEP during the
earlier-in season cruise (2007). In 2006, carbon contained in TEP
(41 mm ESD) was equivalent to 4–10% of POC. In 2007, contribu-
tion of TEP-C to POC was about twice as high with values ranging
between 8% and 18% (Fig. 3c,d). TEP are polysaccharide-rich gels
that are formed from dissolved precursors. During both years, TEP
were identiﬁed as a substantial fraction of CCHO. Within the
upper 60 m, carbon contained in TEP (TEP-C) was equivalent to
about 40% of pCCHO-C in 2006, and to about 60% of pCCHO-C in
2007. Hence, TEP were a substantial component of pCCHO that
can partly explain the carbohydrate enrichment of POC in 2007.
The ratio of pCCHO:POC increased with depth in both years,
indicating that particles became enriched in pCCHO during their
descent to depth, either by selectively binding to carbon-rich
substances, or by preferential removal of non-carbohydrate
components. The relative increase in pCCHO over depth
clearly differed from the depth proﬁle of Chl-a concentration
that exhibited higher values towards the sunlit surface ocean
(Fig. 1b).3.3. Combined carbohydrate (CCHO) determination
3.3.1. CCHO composition and carbon yield of sugars
Three types of sugar monomers, released from combined
carbohydrates after acid hydrolysis, were determined during this
study: neutral sugars (NS)—including also the deoxy-sugars Fuc
and Rha-, the amino sugar (AS) GlcN, and the uronic acids (URA)
Glc-URA and Gal-URA.
Concentration of NS in CCHO decreased with depth in the
particulate as well as in the HMW-DOM fraction (Table 2). In 2006,
highest station averaged concentrations of 532 nmol L1 (pCCHO)
and 1113 nmol L1 (HMW-dCCHO) were observed at the shallowest
depth, decreasing to 239 nmol L1 (pCCHO at 60m) and
552 nmol L1 (HMW-dCCHO at 150m), respectively (Table 2). In
2007, station averaged surface (5 m) concentration of NS were similar
for pCCHO with 515 nmol L1 but clearly lower for HMW-dCCHO
with 591 nmol L1, and the decrease of NS over depth was not as
pronounced as in 2006. Carbon yield (%OC) of total NS during both
years ranged between 8% at the surface and 3–7% below the mixed
layer. URA were the second most abundant group of sugars in both
years. Station averaged concentration of URA in HMW-dCCHO
declined with depth, although not as pronounced as observed for
NS (Table 2). In contrast, concentration of URA in pCCHO increased
with depth, particularly during 2007. Moreover, HMW-dURA con-
centration below the thermocline was rather similar during both
years, whereas pURA was clearly higher at depth in 2006. From the
group of AS, only GlcN was detectable. Station averaged concentra-
tions of GlcN were higher in 2006 than in 2007, and higher for HMW-
dAS than for pAS (Table 2). Like for HMW-dURA, decrease of HMW-
dGlcN concentration with depth was not as pronounced as for HMW-
dNS. Concentrations of pAS increased with depth. Carbon yield of
GlcN in the particulate and in the HMW phases was o1%OC during
both years.3.3.2. Molar composition analysis of CCHO
Distribution of sugars within the water column is determined
by the balance between production and decomposition processes,
as well as by physical transport processes such as mixing and
particle sinking. In general, we assumed net production of neutral
sugars in the euphotic zone, primarily due to primary production,
Table 3
Averages (avg) and standard deviations (SD) of HMW-dCCHO (%mol) determined during the spring seasons 2006 and 2007 in the Bay of Biscay. NS: sum of neutral sugars;
URA: sum of uronic acids; n¼ number of samples.
Depth (m) Fuc Rha Ara GlcN Gal Glc Man./Xyl. Gal-URA Glc-URA NS URA n
Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
2006
5 5.0 2.6 6.6 6.3 2.8 0.9 1.8 0.6 9.4 2.6 39.0 13.5 12.0 2.3 13.8 12.6 13.1 6.8 74.8 7.3 21.3 10.6 7
10 4.7 2.9 6.6 5.7 3.0 1.2 1.6 0.5 8.9 3.1 38.1 13.9 12.5 4.6 15.9 15.2 12.3 7.2 73.9 8.5 22.4 11.9 6
20 4.5 1.9 5.5 3.3 3.3 0.6 1.6 0.7 9.5 1.8 35.0 7.9 13.6 5.7 15.1 14.1 18.1 7.9 71.4 5.3 23.3 11.0 8
30 3.9 2.3 4.5 3.5 3.2 1.1 1.8 0.8 7.2 2.8 34.9 14.3 12.8 5.2 19.5 19.2 15.8 9.4 66.4 10.5 28.1 15.5 7
40 2.7 0.9 5.0 4.7 3.4 1.9 1.5 0.5 6.3 3.2 35.1 17.8 13.1 4.6 16.1 17.4 19.3 12.2 65.5 11.2 30.3 15.5 7
50 2.3 1.0 3.5 2.8 3.0 1.6 1.4 0.7 4.3 2.3 45.3 12.8 10.6 2.4 12.9 14.2 18.3 13.4 68.5 11.3 26.8 15.2 6
60 2.6 0.7 4.3 3.7 4.4 3.0 1.5 0.4 6.1 3.3 46.3 20.3 13.9 4.9 14.7 12.4 14.5 10.1 75.2 12.3 22.9 12.9 7
80 1.6 0.5 4.4 1.8 2.7 1.6 1.2 0.5 3.7 2.2 50.4 15.4 10.2 3.9 20.9 16.0 13.5 8.8 71.5 14.3 27.5 14.2 6
100 2.0 0.3 1.7 - 2.1 1.3 1.1 0.0 4.1 1.4 50.8 10.3 13.3 0.8 1.1 1.1 25.7 10.0 72.9 10.6 26.0 10.6 4
150 2.1 0.5 5.2 2.4 2.0 1.6 1.4 0.4 4.8 2.1 46.8 16.2 9.6 2.6 21.1 19.8 14.9 10.4 67.9 15.5 30.7 15.3 4
2007
5 4.9 2.2 6.1 4.8 3.4 2.2 2.7 1.3 10.4 7.0 44.6 10.6 12.2 5.0 0.7 2.0 14.9 14.8 84.5 14.1 15.5 14.1 9
20 5.0 2.1 6.3 4.2 3.7 2.4 2.3 1.8 10.7 7.9 36.0 17.4 12.1 5.2 1.9 4.6 22.0 22.3 76.1 20.6 23.9 20.6 8
40 3.8 2.4 4.3 4.5 3.2 2.3 2.8 1.4 9.5 6.5 42.5 11.5 8.8 4.6 2.2 4.8 22.7 21.9 75.0 19.7 25.0 19.7 9
60 2.2 1.0 1.4 2.0 3.0 1.6 2.3 1.5 5.2 3.1 46.8 15.6 10.9 4.6 3.3 8.8 24.7 23.7 71.9 21.1 28.1 21.1 8
80 1.5 0.9 1.4 2.3 1.7 1.5 1.0 1.1 4.2 7.0 60.5 8.3 7.7 5.5 4.2 6.5 17.8 17.3 78.0 13.2 22.0 13.2 9
100 1.2 1.0 0.9 1.2 1.1 0.8 0.9 0.9 2.8 3.0 52.3 21.3 8.3 7.3 2.6 4.2 29.9 27.9 67.4 24.5 32.6 24.5 8
140 1.6 1.0 1.9 2.5 2.0 1.7 1.8 2.2 2.6 3.8 59.1 13.4 10.3 6.8 3.4 5.9 17.3 19.4 79.3 16.4 20.7 16.4 5
Table 2
Average concentrations and standard deviations (nmol L1), as well as organic carbon yields of sugars in pCCHO and in dCCHO41 kDa determined during the spring




NS NS URA URA AS AS NS NS URA URA AS AS
nM %DOC nM %DOC nM %DOC nM %POC nM %POC nM %POC
2006
5 1113 8.2 316 2.3 27 0.2 532 11.9 132 3.0 20 0.5
10 1135 8.0 345 2.4 24 0.2 317 5.8 65 1.2 12 0.2
20 979 7.3 320 2.4 22 0.2 250 6.0 84 2.0 18 0.4
30 796 – 336 – 21 – 261 71 4
40 679 5.9 314 2.7 15 0.1 307 9.5 121 3.8 8 0.2
50 762 7.7 298 3.0 15 0.2 342 152 3
60 638 6.3 194 1.9 13 0.1 239 11.2 271 12.7 2 0.1
80 753 7.4 289 2.8 13 0.1 – – – – – –
100 650 5.9 232 2.1 10 0.1 – – – – – –
150 552 5.1 249 2.3 12 0.1 – – – – – –
2007
5 591 3.8 109 0.7 19.1 0.1 515 21 32 1 4 0.2
20 456 2.8 143 0.9 13.8 0.1 409 23 20 1 5 0.2
40 460 2.9 153 1.0 17.3 0.1 447 27 43 3 1 0.1
60 398 3.3 156 1.3 12.7 0.1 208 33 49 4 1 0.1
80 549 3.6 155 1.0 7.4 0.0 251 45 20 3 3 0.6
100 482 3.0 233 1.5 6.1 0.0 315 45 93 14 5 0.7
140 521 3.8 136 1.0 11.8 0.1 376 37 104 8 2 0.2
A. Engel et al. / Continental Shelf Research 45 (2012) 42–5348and net decomposition of neutral sugars in the aphotic, deeper
water column.
Among all carbohydrates determined during this study, Glc
was the dominant one in all samples during both years. The
fraction of Glc ranged between 35% and 61%Mol in HMW-dCCHO
(Table 3), and between 20% and 74%Mol in pCCHO (Table 4).
Percentages of NS other than Glc declined in the following order:
Man/Xyl4Gal4Rha4Fuc4Ara in pCCHO as well as in HMW-
dCCHO (Tables 3 and 4). Glc-URA and Gal-URA contributed
substantially to pCCHO and HWM-dCCHO during both years.
During 2006, Gal-URA was almost as abundant as Glc-URA in
HMW-dCCHO (Table 3), and even more abundant in pCCHO
(Table 4), yielding maximum values where high abundances ofcoccolithophores, predominantly Emiliania huxleyi, were observed
(Van Oostende et al., forthcoming). Relative abundance (%Mol) of
URA in HMW-dCCHO was signiﬁcantly negatively correlated to
TEP in 2006 (po0.001, n¼63) and in 2007 (po0.001, n¼56),
suggesting that URA were removed from the HMW-dCCHO
fraction during TEP formation. However, no signiﬁcant relation-
ship between pCCHO composition, speciﬁcally URA, and TEP was
detected during both years. TEP abundance in 2006 was also
strongly correlated to the combined percentages of the neutral
deoxy-sugars Fuc and Rha (po0.001, n¼52) in HMW-dCCHO. The
amino sugar GlcN, was the least abundant identiﬁed carbohydrate
and contributed on average 0.9–2.8%Mol, and 0.4–5.0%Mol to












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A. Engel et al. / Continental Shelf Research 45 (2012) 42–53 49To characterise changes in CCHO composition with depth, we
computed the anomalies of %Mol (Axi) of each carbohydrate
monomer (xi) according to Eq. (3); i.e. the difference between
the relative abundance of a carbohydrate at a particular depth
with respect to the mean value of all observations of that
component during 2006 and 2007. For more labile carbohydrates,
we expect positive anomalies within the upper mixed layer, and
negative anomalies below. Refractory sugars are degraded at a
very slow rate and would show a more even distribution in the
water column, as the time of decomposition exceeds the time of
physical mixing (41 year). Some sugars like AS and URA are
produced by auto- as well as heterotrophic organisms, and thus
may have another source deeper in the water column, potentially
explaining positive anomalies below the mixed layer. Besides
mixing, particle sinking is another process exporting sugars to
depth. A larger anomaly of %Mol of sugars at depth may therefore
also indicate sugars seasonally exported by particle sinking with a
turn-over time of o1year.
Because the composition of HMW-dCCHO and pCCHO was
rather similar, we used the molar composition of carbohydrates
determined in the unﬁltered sample, i.e. CCHO¼pCCHOþHMW-
dCCHO, to investigate sources of variance in sugar composition.
Since the molar composition of CCHO varied with water depth,
but did not differ signiﬁcantly between the two years (Kolmo-
gorov–Smirnov test, p40.05 for each sugar), values for Ax were
calculated for each depth and relative to their overall average in
all samples (n¼119) from the two years (Table 5).
For the two ﬁeld campaigns in 2006 and 2007, highest positive
anomalies within the surface mixed layer were determined for Gal,
Fuc, Rha and Ara. Average values (median) for Ax of these sugars were
signiﬁcantly higher within the surface mixed layer than below
(po0.01; Table 5), indicating that the rate of consumption below
the thermocline clearly exceeded the rate of supply by physical
mixing (41 year) and by particles sinking (41 month). For the
sugars Man/Xyl, GlcN and Gal-URA, anomalies were more evenly
distributed over depth and Ax-values did not differ signiﬁcantly
between the surface mixed layer and below the thermocline. For
Gal-URA, a cluster of positive anomalies was observed in the upper
40m, representing samples collected during the coccolithophore
bloom in 2006 (data not shown). Glc and Glc-URA displayed highest
positive anomalies within the deeper water column. The CCHO below
the thermocline were signiﬁcantly enriched in the neutral sugar Glc
(po0.05; Table 5), suggesting that Glc is less susceptible to degrada-
tion than other NS, or preferentially exported to depth by sinking
particles.
The absolute differences in average %Mol between the water
column above the thermocline (0–60 m), and below (460 m)
were calculated for the two years separately, and are shown in
Fig. 4. In accordance with the anomaly analysis, Gal, Rha and Fuc
were relatively more abundant in the upper water column during
both years, while Glc, Glc-URA and Gal-URA in 2006 were
relatively enriched in the lower water column. Smaller changes
over depth were observed for Ara, GlcN and Man/Xyl.
An indication for the diagenetic alteration of CCHO was also
inferred from the correlation of individual carbohydrates to
concentrations of Chl-a, taking Chl-a as an indicator for fresh
algal biomass. Among the individual carbohydrates within HMW-
dCCHO and pCCHO that were signiﬁcantly correlated (po0.01) to
Chl-a, we found Gal, Rha (except 2006), Ara (except for pCCHO in
2006), Fuc, and Man/Xyl in order of decreasing correlation
coefﬁcient (Fig. 5). In general, URA were negatively correlated to
Chl-a (po0.01), except for HMW-dGlc-URA in 2006. Interestingly,
Glc correlated negatively with Chl-a in HMW-dCCHO, but posi-
tively in pCCHO. This is in accordance with the assumption of Glc
production by phytoplankton in the sunlit ocean and the release





































Fig. 4. Differences in the molar percentages of individual sugars contained in
CCHO between the upper 60 m and the lower water column (60–150 m). For each












































Fig. 5. Coefﬁcients of the correlation (r2) between chlorophyll-a and the molar
percentages of individual sugars contained in HMW-dCCHO and in pCCHO during
2006. For each sugar and fraction, n¼62. Values of r2 between the dash lines were
not signiﬁcant (p40.05).
Table 5
Statistics of the observed anomalies (Axi) of total determined carbohydrates
(CCHO¼pCCHOþHMW-dCCHO; %Mol) in the Bay of Biscay in spring 2006 and
2007. Differences between the anomalies of individual sugars within and below
the mixed layer (60 m) were compared by means of Mann–Whitney Rank Sum






Fuc 1.22 1.24 o0.001 0.50
Rha 0.12 2.23 o0.001 0.36
Ara 0.24 1.35 o0.001 0.23
GlcN 0.27 0.23 0.410 0.10
Gal 1.22 3.54 o0.001 0.45
Glc 4.69 3.48 o0.05 0.21
Man/Xyl 0.15 2.50 0.257 0.12
Gal-URA 7.04 7.87 0.444 0.00
Glc-URA 0.33 2.86 0.674 0.16
URA 0.90 0.51 0.358 0.15
NS 0.99 1.55 0.420 0.14
A. Engel et al. / Continental Shelf Research 45 (2012) 42–53504. Discussion
4.1. Comparison of the ﬁeld situations in 2006 and 2007
Two cruises were conducted after the diatom spring bloom in
the Bay of Biscay (2006, 2007), and showed clear differences in
terms of organic carbon partitioning between dissolved and
particulate forms. Based on satellite information of the ﬁeld site,
we assume that the vernal development in general was similar for
both years: a spring bloom system in April, followed by a post-
bloom phase in May and a second smaller bloom dominated by
coccolithophores at the transition to summer. Since the cruise in
2007 was conducted two weeks earlier than the one in 2006, the
situation met in 2007 rather mirrored the post-bloom situation,
whilst in 2006 the coccolithophore bloom was already observed
at several stations. In the northern Bay of Biscay, the occurrence
of a second phytoplankton bloom, dominated by coccolithophores
(E. huxleyi), is induced by nutrients upwelling at the continental
margin (Harlay et al., 2010). Hence, we assume that our results
from 2007 characterise the earlier-in-season, post-diatom bloom
situation. At this time, Chl-a concentration and POC yield,i.e. POC:TOC (%), was relatively low throughout the water column,
as expected for a post-bloom system, where larger phytoplank-
ton, particularly diatoms, were removed either by sinking or
zooplankton grazing. The situation in 2007 was also characterised
by a relatively high fraction of polysaccharide-rich gel particles,
i.e. TEP (TEP-C:POC), which has been observed for post diatom-
bloom systems in the past (Mari and Burd, 1998). In general, the
fraction of POC identiﬁable as pCCHO was higher in the post-
diatom bloom phase, compared to the later situation encountered
in 2006 and increased with depth. This may point to composi-
tional changes of POM during degradation and is in accordance
with the assumption that carbohydrates are less labile than other
biochemical constituents (Wakeham et al., 1997).
DOM contains a high share of older and more refractory
substances that escape biochemical analysis. Therefore, it has
been suggested that a larger fraction of identiﬁable bio-molecules
is indicative for freshly produced organic matter (Skoog and
Benner, 1997; Kaiser and Benner, 2009; Goldberg et al. 2009).
Thus, the relatively low fraction of organic carbon characterised
as HMW-dCCHO during the post-diatom bloom situation in 2007
suggests that the organic material already underwent substantial
microbial degradation as well. Another explanation is the removal
of HMW-dCCHO by formation of TEP, supported by the inverse
correlation of HMW-dURA and TEP in 2007. The sinking of TEP
A. Engel et al. / Continental Shelf Research 45 (2012) 42–53 51together with diatoms in aggregates may also contribute to the
observed increase of pCCHO with depth in 2007.
During the later-in-season cruise in 2006, higher Chl-a con-
centrations were observed and indicated, together with micro-
scopic and satellite information, the partial prevalence of a
coccolithophore bloom (Harlay et al., 2009). The coccolithophore
bloom resulted in a new build-up of POC, although TOC concen-
tration was comparable to the situation in 2007. Besides new
accumulation of POC, higher concentrations of CCHO were
observed during the ﬁeld investigation in 2006, within particulate
fraction and even more pronounced in the HMW-DOM. The
HMW-dCCHO yield in DOC was twice as high compared to the
post-diatom bloom situation in 2007, suggesting that the second,
cocolithophore dominated, bloom could constitute an important
source for fresh and carbohydrate-rich DOC in the Bay of Biscay.
In general, DOC concentrations observed during 2006 agree well
with earlier ﬁndings provided within the framework of the OMEX
project by Hydes et al. (2001). These authors determined average
DOC concentrations of 5274, 68711 and 5176 mmol L1 for
the winter, spring and summer season (1993–1995), respectively.
We determined minimum DOC concentration of 46 mmol L1 in
2007 and 48 mmol L1 in 2007. Combining information given in
Hydes et al. (2001) with our data suggests a background and
hence refractory DOC concentration in the Bay of Biscay of about
50 mmol L1. Thus accumulation of new DOC during the winter to
spring (post-bloom) transition accounted for an additional
30 mmol L1 in the upper surface layer above the background
level. In 2007, even higher DOC concentrations were observed,
suggesting that the seasonal DOC accumulation in the surface
mixed layer could be as high as 50 mmol L1 above the back-
ground level. Thus, seasonal DOC accumulation in the surface
mixed layer was similar or even higher than POC concentration
after the spring bloom in the Bay of Biscay during both 2006
and 2007.
4.2. Contribution of CCHO to DOC and POC
Concentrations of CCHO and HMW-dCCHO determined for the
Bay of Biscay during this study (0.6–2.1 mmol L1) agreed well
with earlier reports on sugar concentration observed for the
North Sea (0.3–2.0 mmol L1) (Ittekot et al., 1981). Values for
carbohydrate concentration, however, strongly depend on the
type of analysis. Bulk carbohydrate methods often yield higher
concentrations than those determining individual standard sugars
(Panagiotopoulos and Sempe´re´, 2005). Clearly, a better compar-
ison is achieved with data that were obtained with the same type
of analysis. For HPAEC-PAD, most investigations are restricted to
neutral and amino sugars, and only few studies have been
conducted at coastal or shelf sea sites. For Oregon inshore waters,
Borch and Kirchman (1997) determined a neutral sugar concen-
tration of 2.16 mmol L1 including low- and high-molecular-
weight dCCHO. In contrast, combined neutral sugar concentra-
tions as determined with HPAEC-PAD at open ocean sites are
typically o1 mmol L1 (Panagiotopoulos and Sempe´re´, 2005;
Kaiser and Benner, 2009).
For the Bay of Biscay, the percentage of carbon contained in
HMW-dCCHO after the spring bloom determined in this study
varied between 4% and 11% of DOC. If we assume that in the Bay
of Biscay, surface winter HMW-dCCHO concentrations are similar
to the minimum HMW-dCCHO concentration observed below the
seasonal thermocline, i.e. 4 mmol C L1, HMW-dCCHO could
account for about 13% of fresh DOC; assuming a minimum
seasonal DOC accumulation of 30 mmol L1 as estimated above.
Kaiser and Benner (2009) observed that HMW-dCCHO ranged
between 2% and 4% of DOC in surface waters (o80 m) at the open
ocean sites of HOT and BATS, but these values only includeneutral sugars. Engel et al. (2011) determined that HMW-dCCHO
produced during a fertilised diatom bloom in a mesocosm
experiment made up about 24% of DOC. Comparing these studies
thus suggests that the carbon yield of HMW-dCCHO in marine
systems is likely to increase with increasing productivity. The
pCCHO determined during this study ranged between 7% and 30%
of POC above the mixed layer. These results agree very well with
the ﬁndings of Sua´rez and Maran˜on (2003), who showed that the
carbon fraction of fresh photosynthesates included in particulate
polysaccharides varied between 10% and 30% over an annual cycle
in the southern Bay of Biscay, with maximum values observed
during the spring season. In general, our study showed that DOM
included a higher fraction of CCHO than POM during both years,
underlining again the importance of DOC for carbon cycling in
post-bloom systems.
We estimated that TEP contributed between 40% and 60%OC to
pCCHO in the Bay of Biscay after the spring-bloom. These data
suggest that TEP formation represents an important way of re-
partition of carbohydrates from the dissolved into the particulate
pool. The %CCHO yield of TEP was higher in 2007 than in 2006,
when fresh CCHO were supplied to the system by the coccolitho-
phores. This suggests that CCHO included in TEP are more
refractory than fresh HMW-dCCHO, and may stay in the water
column for an extended time, unless included in settling aggre-
gates. It has often been observed that TEP are heavily colonised by
microorganisms and represent hot-spots of microbial activity
(Simon et al., 2002; Godoi et al., 2009). Thus, TEP are likely to
provide important microhabitats for the evolving microbial loop
community in shelf-seas like the Bay of Biscay.
4.3. Compositional changes in CCHO
During both cruises, data collected for the molar composition
of neutral CCHO showed that Glc was the dominant sugar of
HMW-dCCHO and pCCHO, followed by Man/Xyl, Gal, Rha and Fuc
in slightly changing order between years and depths. Therewith,
the molecular composition of CCHO in the Bay of Biscay is
generally similar to other coastal and open ocean marine sites
(Panagiotopoulos and Sempe´re´, 2005; Kaiser and Benner, 2009;
Goldberg et al., 2009). It has been suggested that the composition
of CCHO can be used to identify the diagenetic alteration of
organic matter (Goldberg et al., 2009, 2010), although some
studies showed that the molar composition of CCHO can be
remarkably stable in marine systems (Borch and Kirchmann,
1997). During this study, depth dependent variations were
identiﬁed for the molar composition of CCHO. The neutral sugars
Fuc, Gal, Rha, and to a lesser extent also Ara were relatively
enriched towards surface waters and best correlated with Chl-a,
suggesting that these sugars are more labile and indicative of
recent production of photosynthesates. Glc on the other hand was
enriched below the seasonal thermocline.
These ﬁndings are in accordance with observations of Gold-
berg et al. (2010), made during a north–south transect across the
North Atlantic Ocean (501W) as well as with experimental data on
the diagenetic changes in CCHO composition during bacterial
decomposition gained by Giroldo et al. (2005). Goldberg et al.
(2010) observed a decrease of %Mol of Man/Xyl below 100 m and
concluded that Man/Xyl can be used to identify ‘recently’ (o7
years) accumulated DOC. During our study Man/Xyl did not show
this high sensitivity, but our dataset covered only the late spring/
early summer season and only few data were obtained for depths
4100 m. Giroldo et al. (2005) studied the decline in neutral
sugars combined within extracellular polysaccharides (412 kDa)
of a freshwater cryptophyte during decomposition by a natural
bacterial community. They observed that the decay rates of
monosaccharides from exopolymer substances (EPS) over a
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Xyl4Rha4Glc. Hence, despite the different temporal and spatial
scales of data coverage, this study supports the ﬁndings of
Goldberg et al. (2010) and Giroldo et al. (2005), and show
consistent diagentic changes in carbohydrate composition during
decomposition. Gal appears to be the most labile and Glc the most
refractory neutral sugar. Man/Xyl seems to be of intermediate
lability with a turnover time potentially too long to reﬂect
seasonal changes within the upper water column. These ﬁndings
therefore suggest that the composition of combined sugars is
principally suited to identify diagenetic changes of organic matter
in the water column over periods from weeks to several years.
However, the absolute rate of CCHO decomposition also depends
on the activity of the heterotrophic microbial populations. For the
2006 and 2007 cruises to the Bay of Biscay, Piontek et al. (2011)
estimated a potential turnover time of 170 days for combined
glucose in the upper mixed water column, and a much slower
turnover below. They determined a faster decomposition of
nitrogenous substances, such as proteins and small peptides,
and suggested that the bacterial incorporation of sugars might
be limited by the availability of inorganic nitrogen at this time of
the year.
The uronic acids Gal-URA and Glc-URA were ﬁrstly determined
for the Bay of Biscay during this study and comprised a relatively
large fraction of CCHO. During both years, URA were more evenly
distributed over depth than the labile combined neutral sugars.
Particularly, a close correlation was observed for Glc and Glc-URA.
Surprisingly, little correlation was observed between URA and
TEP during both cruises, although Gal-URA correlated with TEP
during 2006. However, as both Gal-URA and TEP are produced
during coccolithophore growth (Fichtinger-Shepman et al., 1979;
Borchard and Engel, 2012), a higher %Mol of Gal-URA does not
necessarily indicate a higher %Mol of Gal-URA included in TEP. It
may also point to a co-occurrence of both substances in seawater.
In 2007, higher TEP concentrations were observed, when Glc-URA
was generally more abundant than in 2006. Glc-URA is a typical
component of water-soluble, mucoid polysaccharides and can be
produced by algal as well as by bacterial cells (Leppard, 1995;
Tomshich et al., 2007). Glc-URA comprises a signiﬁcant fraction of
algal acidic EPS (47 Mol %) (Giroldo et al., 2005) and has been
suggested to play an important role in TEP formation during
diatoms blooms (Engel et al., 2011). Our data therefore suggest
that TEP in seawater are of different composition, with TEP
produced by coccolithophore potentially having a higher %Mol
of Gal-URA, while those produced by diatoms being possibly more
enriched in Glc-URA. It has been estimated that the carbon
fraction of TEP, determined colorimetrically based on the adsorp-
tion of Alcian Blue to acidic sugars, varies between 39% and 88%
(weight carbon/Xanthan equivalent weight of TEP) for different
phytoplankton species (Engel and Passow, 2001; Engel et al.,
2004). This suggests that a signiﬁcant fraction of TEP is composed
of non-acidic sugars, or even of biochemicals other than sugars, as
supported by the strong correlation of TEP with the neutral sugars
as observed in this and previous studies (Skoog et al., 2008).Acknowledgements
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